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Magnetoelastic tetragonal-to-orthorhombic distortion in ErNi,B,C
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We have performed synchrotron x-ray scattering experiments on single crystals gBEINBelow 6.3 K,
the (2,0,0) Bragg peak splits, indicating a tetragonal-to-orthorhombic distortion. The mismatch betwaen the
andb lattice parameters appears coincident with the onset of long-range antiferromagnetic order and increases
continuously with decreasing temperature, reaching a val@of 1~0.2% at 3.7 K.
[S0163-18297)06938-3

Investigations of the physical properties of the recentlywhile TbNi,B,C forms a longitudinal spin-density wave
discovered™ superconducting rare-earth nickel boride- with approximately the same wave vectdrA complicated
carbidesRNi ;B ,C (R=rare earth, continue to provide fur- structure with two modulation wave vectors, (0.59,0,0) and
ther insight into the interplay between superconductivity and0,0,0.92), is fountf~2%in HoNi,B,C between 6.0 and 4.7
magnetism. The structure of these compounds is tetragongl \whereas at lower temperatures it orders into a simple

(space group4/mmnm), consisting oRC layers separated by antiferromagnetic structure with modulation wave vector
Ni ,B , sheets. Superconductivity has been reported not only(oyo,l)_

for the nonmagnetic rare-earth elements., but qlso for some \1ore recently, small-angle neutron scattering has been
heavy magnetic rare-earth members, including Tt ( yseq to study the vortex structure of EgBi,C22%° At high
=108 K),” Er (TC:10'51(!<)' Ho (Tc=8.5K),™" and, most  io\4s  these experiments observed a square flux-line lattice,
recentlyj Dy (rC:.6'2 K).' In thesg lattter qompounds SUPET- \hile at low fields the flux lines order in the hexagonal lat-
conductivity coexists with magnetic ordering over some tems; ... . typically found in type-Il superconductdPe? In

perature range. Electronic band-structure calculatfors ddition, a significant coupling between the magnetic order-

indicate that these materials are conventional superconduc?ﬁ and 1[he flgx lin waspb gerv d. as eviden Sd by rotation

ors with a relatively high density of states at the Fermi level. 9 < lInes observed, as ev ¢ y rotatio
of the vortex lines away from the direction of the applied

Throughout the series, the BletemperatureT,, scales . . o : : .
with the de Gennes factor. This, along with the large variet)f'eld below the Nel transition, coincident with disordering

of magnetic structures observed in neutron and x-ray experf! the flux-line lattice”” These data demonstrate how, in a
ments, is consistent with long-range order of localized magmMagnetic superconductor, the vortex lattice structure may be
netic moments coupled via a Ruderman-Kittel-Kasuya-coupled to the magnetic-order parameter.

Yosida-type interaction(For recent overviews, see Refs. In this paper, we report the results of x-ray-diffraction
15-17) The strong anisotropic magnetic behavior found inmeasurements on ErbB,C and demonstrate the existence
some members of the family indicates that crystallineof an interaction between the crystal structure and the
electric-field energie$CEP also play an important role in magnetic-order parameter by means of conventional crystal-
the formation of the magnetically ordered stafe®°1° line electric field(CEP coupling.

In ErNi,B,C, superconductivity is observed belolig Single crystals of ErNiB,C were grown at the Ames
=10.5 K2>" The onset of long-range antiferromagnetic or- Laboratory using a high-temperature  flux-growth
der belowTy=6.0 K lowers the upper critical fieldHs,,  techniqueé®’ Platelets extracted from the flux were examined
especially if the field is applied perpendicular to the (0,0,1)by x-ray diffraction and were found to be high-quality single
axis. Previous neutron-diffraction experiments, carried outrystals with the (0,0,1) axis perpendicular to their flat sur-
on powdef’ and single-crystdt samples, show that face. Magnetization measurements were performed as a
ErNi,B,C orders in a transverse spin-density wave withfunction of temperature and magnetic field, using a Quantum
modulation wave vectog,=(0.55,0,0) and with alignment Design superconducting quantum interference device magne-
of the magnetic moments parallel to the (0,1,0) axis of theometer on single crystals from a similar batch as those used
crystal. The tetragonal symmetry of the crystal also impliegn the x-ray experiments. The details of these measurements
the existence of domains with modulation wave veagr have been reported elsewhéré. The sample was cut per-
=(0,0.55,0) and alignment of the moments along (1,0,0) pendicular to the (1,0,0) direction and the resulting face was
As the temperature is lowered, higher harmonic satellitesnechanically polished to obtain a flat, oriented surface for
were observed to develdB?* which shows that the spin- x-ray diffraction. After polishing, the crystal was annealed at
density wave “squares up”; the modulation wave vector is900 °C in a vacuum of 107 torr for 36 h. The sample di-
approximately independent of temperattfé' A similar  mensions after polishing were approximatelyx 3.5
magnetic structure was observed in the Gd compdand, X 0.5 mnrt.
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FIG. 1. Representative longitudinal scans of the (2,0,0) Bragg —g
peak at selected temperatures. The lines represent the results 0 <
least-squares fits as described in the text. The scan taken at 8.40 k .
was assumed to be resolution limited and was used as a reference <
scan for the fitting procedure.

The synchrotron experiments were carried out at the 2 3 4 5 5 7 8 9
bending magnet beamline X22C of the National Synchrotron
Light Source, using a Ge(1,1,1) double bounce monochro-
mator and an asymmetric cut Ge(1,1,1) analyzer. A Ni- FIG. 2. (a) Thea andb lattice parameters extracted from a set

coated toroidal focus_in_g mi”o,r upstream O_f the mor_loc_hro-of longitudinal scans of the (2,0,0) Bragg peé. The distortion-
mator was used to eliminate higher harmonics in the InCIde'r‘(’ﬁrder parameteg/b—1. The line represents a least-squares fit to a

beam. The sample was mounted on the cold finger of a Hesower law,A(1— T/Ty)?4, as discussed in the text) Intensity of

liplex closed-cycle refrigeratofbase temperature 3.5)60 5 magnetic Bragg reflection, from Ref. 20. The line represents a
that its (h,O,I) zone was coincident with the vertical scatter- least-squares fit to a power lawd) Specific heat,cpl in zero

ing plane of the diffractometer. The mosaic spread of theapplied field, from Ref. 7.

(h,0,0) reflections was characterized by a full width at half

maximum (FWHM) of 0.04°. For the measurements of the The high- and lowQ peaks then correspond to the (0,2,0)
crystal lattice distortion, the incident photon energy wasand (2,0,0) Bragg peaks of separate domains that are rotated
tuned to 8 keV, well below the Hr,, 3 and the NiK ab- by 90° relative to each other around their (0,0,1) axes. No
sorption edges. hysteresis was observed when these measurements were re-

Above the Nel temperature, as determined by susceptipeated on warming. Despite the relative ease encountered in
bility measurement,clearly defined Bragg peakshk,|)  other rare-earth borocarbid&s?®*3we were unable to ob-
with a characteristic widtiFWHM) of 0.003 A~! were ob-  serve x-ray magnetic scattering at thelErresonancé8.358
served ath+k+1=2n, wheren is an integer. The only keV) in this material. We believe this is a result of the strong
structure present in these peaks is a slight asymmetry that a&bsorption arising from the combination of Ni in the sample
also seen in scans through the incident beam. We therefosnd in the mirror, and the presence of the nearbKNidge
have taken these peaks to be resolution limited. (8.333 keV.

Figure 1 shows longitudinal scans through the (2,0,0) Figure 2 summarizes the temperature dependence of the
Bragg peak for selected temperatures. As the sample i2,0,0) Bragg peak as measured on cooling. The lattice pa-
cooled below=6.3 K, the peak first broadens and then splits,rametersa andb, were extracted by fitting each scan to the
consistent with a tetragonal to orthorhombic phase transitiorconvolution of a resolution-limited reference scéh40 K)

Temperature [K]
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with two Gaussian line shapes with a fixed width. The results This type of magnetoelastic distortion is common in rare-
of this procedure are displayed in Figa® In the tempera- earth compoundésee, for example, Ref. 35 and references
ture range between 5.9 and 6.3 K, the raw data shows a sligktiereir). Quantitative calculations of the shape of the mag-
broadening of the (2,0,0) Bragg peak and, within the resonetic orbitals and the resulting magnetoelastic distortion re-
lution of this experiment, it is not possible to distinguish two quire precise evaluation of the competing CEF, elastic and
separate peaks. This broadening is therefore represented Ragnetic terms in the Hamiltoni&i,and have not been per-
the error bars shown in Figs(d and 2b). The line in Fig.  formed. Nonetheless, we may draw some qualitative conclu-
2(b) shows the result of fitting the splitting/b—1, to @  gjons about the other materials in the series.

power law in the reduced temperature. For the fit shown in  £4; the Gd member of theNi ,B ,C family, which orders

the figure,Ty=5.920.2 K. In Fig. 4c), we show the inten- i an antiferromagnetic structure very similar to that of the

sity of a r_nagnt_ati:zoBragg reflection as measured by neutrog, compound, we do not expect a magnetoelastic distortion,
powder diffractior.” A least-squares fit to a power law, rep- since the GA" ion in its ground state®S,,, has spherical

resented by the line, indicates a ordering temperaiyye Indeed lastic off b d
~5.8=0.5 K. While this ordering temperature agrees with SYmmetry. Indeed, no magnetoelastic effects were observe
the values obtained from the splitting and from magnetiza—:: dgﬂiggr“ﬁé r;:]gah'rr]i?ggfggtri]cx;;g;;ﬁf:ethésbg?\ﬁga:'nI?]i h-
tion measuremenisig. 2(d)], it is lower than those reported ' g 9

: . -~ resolution x-ray experiments on the Sm and Nd
by Sinhaet al. (Ty=6.8 K, Refs. 20,1), obtained from a fit 8.33
to a Brillouin function, and by Zarestkgt al. (Ty=~7 K, compounds®* In the Sm compound, the moments are

Ref. 21). We attribute the differences iy to critical scat- aligned paraliel t(0,0,D, so that magnetostrictive effects

tering observed above the ordering temperature. Finally, ir\{VOUId change tha/c ratio without breaking the crystal sym-

. e . metry. In HoNi,B ,C a small magnetostriction was observed
Fig. 2d), we present the specmc heat (.)f EF‘.JB'ZC as Mea- o5 an increase in the mosaic width of nuclear reflections in
sured by Cheet al. (Ref. 7) in zero applied field. These au-

. earlier neutron experiment For TbNi,B ,C, which orders
thors observed a large, shaped anomaly with a peak at into a longitudinal spin-density wave state with modulation
5.9+ 0.2 K, which they associated with the transition of the g P Y

Er sublattice from paramagnetism to antiferromagnetic order ave vector (0.55,0,0), we expect a magnetoelastic

) C Oretragonal—to—orthorhombic distortion similar to that of the Er
To verify that the symmetry at low temperatures is indee : X . . .
. . ompound. High-resolution x-ray-diffraction experiments to
orthorhombic, we studied a sample prepared from crushed : .
. ) X . Probe the structure of this material are planned.

single crystals at the high-resolution powder diffractomete
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mentioned above. Due to low counting statistics and somé&his work was supported by the Director for Energy Re-
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